We report here a simple method of directly visualizing in automated DNA sequencing chromatograms DNA methylations of different types including cytosine methylations in HpaII and dcm sites as well as adenine methylations in dam sites. This is made possible by the observation that the extent of incorporation of fluorescently labeled dideoxynucleotides is influenced by the methylated bases in template DNA. This simple approach involves routine automated DNA sequencing without any prior treatment of DNA specific for detecting DNA methylation.
The methylation of cytosine residues in DNA has received enormous attention in recent years because of its role in transcriptional inactivation as well as in cancer (1) . The methylation of adenine in the sequence GATC and that of cytosine in the sequence CCWGG in DNA carried out by dam/dcm + strains of bacteria has also been found to be of interest in many important biological contexts (2) . Several methods have been used to detect DNA methylation, including digestibility by restriction endonucleases, Church and Gilbert type of sequencing (3) and bisulfite treatment of DNA followed by PCR cloning and sequencing (4) , while no method based on sequencing is available for detecting adenine methylation. While studying a number of automated DNA sequencing chromatograms obtained with standard dye terminator chemistry, we found some reproducible patterns that are suggestive of DNA methylation status of the template. Our results reported here indicate that the methylation status of HpaII and dam/dcm sites as well as the internal cytosines of 5′-CCG-3′ sites can be detected by automated DNA sequencing in one sequencing reaction.
Simian virus 40 (SV40) DNA was obtained from Life Technologies and was further purified using CentriSep columns (Princeton Separations, NJ). pTargeT DNA was obtained from Promega. Competent cells of dam -Escherichia coli (DM1) were obtained from Life Technologies and transformations were performed according to the manufacturer's instructions. Isolation of plasmid DNAs from bacteria was by the miniprep method of alkali/SDS lysis, high salt precipitation of chromosomal DNA, RNase treatment and polyethylene glycol precipitation (5) . HpaII, SssI and dam methylases were obtained from New England Biolabs and in vitro DNA methylations were carried out according to the manufacturer's instructions. After inactivation of the methylase at 65_C, the methylations were confirmed by protection from digestion by the respective restriction enzymes. Sequencing was done on an ABI 373A automated DNA sequencer using the ABI PRISM Dye Terminator Cycle Sequencing *To whom correspondence should be addressed. Tel: +1 301 496 8961; Fax: +1 301 480 7863; Email: raob@medlib.georgetown.edu kit with AmpliTaq FS (Applied Biosystems) according to the manufacturer's instructions and analyzed using the DNA Sequencing Analysis Software Version 2.1.2. The following primers were synthesized on an ABI 394 synthesizer: SV1, -SV274, -SV484, SV635 and neo397. The number in the primer name indicates the number of the first base in the original numbering system of the DNA used (as in the case of SV40) or in the coding sequence of the gene (as in the case of neomycin phosphotransferase gene in pTargeT). The minus sign indicates a reverse primer.
Interpretation of chromatograms of dye terminator chemistry is straightforward and unambiguous though some peaks are weak or strong depending upon the sequence context, e.g., the weak G peaks after As or Cs and strong As after Gs (6) . However, we observed that in some cases, the peaks may be stronger or weaker than expected. In most of the chromatograms we have examined, the T peak in the sequence GATC is unusually strong (Fig. 1A ) in comparison to the T peak after A in several other sequence contexts (not shown). As this happens to be the target sequence for dam methylase which methylates its adenine at the N6 position, and all the DNAs that yielded this pattern were grown in dam + strains, we examined this sequence pattern in SV40 viral DNA grown in BSC-1 cells known to be dam - (Fig. 1B) . The T peak in this case is much less intense than the one in the methylated GATC site but in conformity with the other T peaks. pTargeT plasmid grown in dam -E.coli gave the pattern of GATC with a T peak of normal intensity similar to that of SV40 viral DNA (Fig. 1C) . To further verify the role of methylation in this peak pattern, plasmid DNA isolated from dam -E.coli cells was methylated in vitro using dam methylase and the remethylated DNA was sequenced again. Figure 1D shows the chromatogram of this DNA with a strong T peak in the GATC sequence.
The G peak in chromatograms is generally weak, particularly after an A or C peak, but strong after T or G. We observed that the second G peak in the recognition site, CCWGG (W = A or T) of EcoRII and the dcm methylase of E.coli is also occasionally weak. In the dcm + E.coli, the internal cytosine of EcoRII site is methylated at the 5 position. Figures 2 and 3 show the results of sequencing of DNAs of known methylation, the chromatograms showing the motifs CCTGG and CCAGG respectively. Panel A in both the figures is SV40 viral DNA known to be free of dcm methylation and showing a normal strong 3′ G in both cases. The same region of SV40 DNA is part of the plasmid vector pTargeT and when this plasmid DNA was grown in dam/dcm + E.coli and sequenced, it resulted in a short G peak (Figs 2B and 3B) . The demethylated CCWGG sites of pTargeT DNA grown in dam/ dcm -cells gave normal sequence patterns (Figs 2C and 3C ). The alteration of peak heights by DNA methylation is confirmed by direct sequencing of polymerase chain reaction (PCR) products which are known to be free from any methylated bases. Sequencing of PCR product DNAs gave normal heights of the T peak in GATC and 3′ G peak in CCWGG motifs in all cases we have examined (data not shown).
HpaII (CCGG) and dcm methylation (CCWGG) sites are similar in that the nascent strand incorporates two Gs with the first one pairing with 5-methyl cytosine. In order to test the possibility of detecting HpaII methylation, unmethylated SV40 DNA was methylated in vitro using SssI methylase which methylates cytosines in all CpG sites including the one in HpaII site. Both Three different types of methylation that are relevant to different biological contexts have been shown to be detected simultaneously in one sequencing reaction by automated DNA sequencing without requiring additional manipulations of DNA. Methylations in individual strands can be detected separately by sequencing both strands. Though this approach cannot detect every single 5-methyl cytosine, the ability to detect 5-methyl cytosine in CCG sites provides valuable information about non-HpaII sites in general. This provides the only method to detect N6-methyl adenine in dam sites by sequencing. It has been very reproducible and reliably detected the methylation of template DNA in all the experiments presented in this report as well as a number of other chromatograms examined in our laboratory and those published in literature. The present study also contributes to the improved accuracy of automated DNA sequencing in general as several weak Gs in EcoRII sites can be confidently resolved and weak Ts in GATC sites may be verified. The methylation status of DNA is recorded permanently in all the sequence data obtained this way and archived. The method is suitable whenever amplification and cloning are not absolutely required, e.g., in studying methylation patterns of expression vectors, replicating plasmids and viral DNAs.
